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Abstract

The bis(N-alkylsalicylaldiminato)nickel(I[) com-
plexes Ni(R-sal); with R=-CH(CH,—OH)—CH-
(OH)-Ph (I), R = —CH(CH,)-CH(OH)—Ph (L) and
R = —CH,—CH,~—Ph (III; Ph = phenyl) were prepared
and characterized. In the solid state I and II are
paramagnetic (z =32 and 3.3 BM at 20 T, respec-
tively), whereas Il is diamagnetic. It follows from the
UV-—Vis spectra that in acetone solution I is six-
coordinate octahedral and IIl is four-coordinate
planar, the spectrum of II showing characteristics of
both modes of coordination. Vis spectrophotometry
and stopped-flow spectrophotometry were applied to
study the kinetics of ligand substitution in I-III by
Hjsalen (= N,N'disalicylidene-ethylenediamine) in
the solvent acetone at different temperatures. The
kinetics follow a second-order rate law, rate = k [H,-
salen] [complex]. At 20 °C the sequence of rate
constants is A(TII):k(11):k(I) = 11 850:40.6:1. The
activation parameters are AH¥(1)=112, AH¥(II) =
407, AH*(II1) =357 kJ mol™ and AS*(I)=92,
AS*(I) = —103, AS¥(II)=—-89 J K™ mol™!. The
enormous difference in rate between complexes I, II
and III, which is less pronounced in methanol, is
attributed to the existence of a fast equilibrium
planar = octahedral, which is established in the case
of I and I by intramolecular octahedral coordination
through the hydroxyl groups present in the organic
group R. An A-mechanism is suggested to control the
substitution in the sense that the entering ligand
attacks the four-coordinate planar complex, the
octahedral complex being kinetically inert.

Introduction

We have shown recently [1] that the ligand sub-
stitution in square-planar bis(V-alkylsalicylaldimi-
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nato)nickel(II) complexes Ni(R-sal), as carried out in
acetone according to eqn. (1)

Ni(R-sal), + H;salen — Ni(salen) + 2R-salH )
follows rate law (2)
rate = ko [Ni(R-sal), ] = k[Hysalen] [Ni(R-sal);] (2)

(Hjsalen = ¥, N 'disalicylidene-ethylenediamine)

The mechanism of eqn. (1) is associative in the sense
that the rate-controlling step is the bimolecular reac-
tion of the complex with the entering ligand via the
‘adduct’ [Ni(R-sal),, H;salen] formed in a fast pre-
equilibrium [1].

The addition of nucleophiles such as pyridine
(= py) to complexes Ni(R-sal), establishes the fol-
lowing equilibria [1,2]

K,
Ni(R-sal), + 2py == Ni(R-sal),(py)

K

+py == Ni(R=sal)2(py).  (3)
It was shown convincingly [1] that in the presence
of pyridine reaction (1) takes place exclusively via the
four-coordinate species Ni(R-sal),, the adducts Ni(R-
sal),(py) and Ni(R-sal),(py), being kinetically inert.
The net result is that the rate of eqn. (1) is reduced
considerably by the addition of pyridine.

To shed more light on this question of reactivity
of four-coordinate nickel(IT) complexes as compared
to five-coordinate and to six-coordinate octahedral
ones, reaction (1) was studied with the complexes
Ni(R-sal); =1, Il and HI.

R
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7
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R
I: R = ~CH(CH,~OH)—CH(OH)—Ph
II: R = ~CH(CH3)—CH(OH)—Ph
IlI: R = ~CH,—CH,—Ph
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Complex III is expected to be four-coordinate with a
planar trans-N,O, coordination geometry [3],
whereas I and II could be six-coordinate with a dis-
torted octahedral N,O,4 coordination geometry in an
either meridional or facial arrangement,

Experimental

Materials

The amines 2-phenylethylamine (Aldrich), (1S,
28)-(+)-2-amino-1-phenyl-1,3-propandiol ~ (Aldrich)
and L-norephedrine (= (1R ,25){—)-2-amino-1-phenyl-
1-propanol); Fluka) were commercially available. The
ligand H,salen was prepared as described earlier [1].
The solvents acetone and methanol were reagent
grade (Merck).

Preparation of the Complexes

Complexes I-III were prepared from Ni(sal),*
2H,0 (= bis(salicylaldehydato)nickel(I) dihydrate)
[4] and the corresponding amine R-NH, according to
the following general procedure. 5 mmol of Ni(sal),
2H,0 were suspended in 50 ml CHCl; under stirring
and 11 mmol R-NH, were added. Upon heating the
solid Ni(sal), -2H,O dissolved by reacting with the
amine. After filtration of the hot solution and cooling
of the filtrate the complex Ni(R-sal), crystallized. It
was filtered, washed with cold CHCIl; and dried over
P4010.

In the case of II the solvent EtOH was used instead
of CHCl;, crystallization was initiated by addition of
Et,0 to the solution and the crystals were washed
with Et,0. In the case of INl crystallization was
achieved by adding petroleum ether (boiling point
40—-80 ) to the chloroform solution of the complex.

III was recrystallized twice from CHCl; (green
small needles; melting point (m.p.) 202 °C). Com-
plexes I and II, which could not be recrystallized,
were obtained as hydrates Ni(R-sal);-xH,0 (x = 6).
Drying in vacuo over P,y for ca. 14 h at 115 °C (I)
or 70 °C (II) lead to anhydrous I (light green powder;
m.p. 248—250 C) and monohydrate II-H,0 (yellow
brown powder; m.p. 125 C).

Anal of I, Found: C, 63.70; H, 5.36; N, 4.59; Ni,
9.71. Calc. for C3H3;NyNiOg: C, 64.13; H, 5.38; N,
4.67;Ni, 9.80%.

Anal. of II'H,0; Found: C, 65.17; H, 6.12; N,
4.82; Ni, 10.27. Calc. for C3,H34N,;NiOs: C, 65.66;
H, 5.86; N, 4.79; Ni, 10.03%.

Angl. of IIl: Found: C, 70.92; H, 5.44; N, 5.45;
Ni, 11.42. Calc. for Cy3H,sN,;NiQ,: C, 71.03; H,
5.56;N,5.52;Ni, 11.57%.

UV-—Vis Spectra

The absorption spectra were taken on a diode
array spectrophotometer (Hewlett-Packard; 8451A)
and on a double beam spectrophotometer (Zeiss;
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DMR 22). The pathlength of the cell was 1 cm and
the concentrations were 5 X107> M (A > 500 nm)
and 5X107* M (A< 500 nm) for I and II. Due to
low solubility the concentration of IIl was 107% M.

Magnetic Measurements

The magnetic moments were determined on a
magnetic susceptibility balance (Johnson Matthey)
at 20 C.

Kinetic Measurements

Ligand substitution in I according to eqn. (1) was
followed on the HP spectrophotometer (see above) in
1 cm double chamber cells. Solutions of the complex
(2 X107* M) and of the ligand H,salen (2 X107~
2 X 1072 M) in acetone were filled into the chambers
of the cell and thermostated. At ¢ =0 the solutions
were mixed by shaking and the increase in absorbance
A was followed at 415 nm at constant time intervals.
Rate constants were obtained by fitting an exponen-
tial function to the 4/t data points with a computer
program based on the least-squares method (devia-
tion from ideal first-order Kinetics < 1%).

Ligand substitution in II and III was followed with
a modified [5] Durrum stopped-flow spectrophotom-
eter connected to a transient recorder. As for the
slow reaction of I, conditions for II and IIl were
pseudo-first-order ([Hysalen] > 10[complex]) and
the reactions were monitored at 450 (II) and 475
(III) nm, respectively.

Results and Discussion

Absorption Spectra and Magnetic Data

The acetone spectra shown in Fig. 1 clearly show
a rather different absorption behaviour of complexes
I, I and III. Complex I produces a three band
spectrum with a very strong absorption at 368 nm
and two weak bands at 592 and 960 nm, respectively
(see Table I). In contrast to I, complex III has its
strongest absorption at 416 nm and a relatively weak
one at 616 nm (see Table I). One has to take into
account that the organic group R =—(CH,),—Ph in
complex IIl is a non-coordinating one and that the
similar complex Ni(Et-sal), is diamagnetic with a
planar trans-N,0O, arrangement of the donor atoms,
as shown by X-ray analysis [3]. Taking this into con-
sideration one has to interpret the acetone spectrum
of III as being indicative of a planar four-coordinate
nickel(I) complex. The fact that in methanol com-
plex IIT gives a very different spectrum (see Table I)
with a strong absorption at 368 nm (e =5100 M™!
cmY) and two weak absorptions* at higher wave-

*The solubility of Il in methanol is unfortunately limited
to approx. 1 X 10™% M so that the two weak absorptions at
approx. 600 and 975 nm could not be characterized accurately.
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Fig. 1. Absorption spectra for complexes I-III in acetone in
the range 330—480 nm (a) and 480—820 nm (b).

TABLE 1. Absorption Data for Complexes I, II and III in
Acetone and Methanol in the Range 350—1200 nm

Complex Amax (nm) (¢ M~ cm™1Y)

Solvent acetone

I 368 (12000); 592 (20); 960 (20)

] = 350 sh (= 5700); =~ 415 sh (= 2700);
= 590 sh (= 28); 975 (14)

m 416 (5100); 616 (95)

Solvent methanol

I 367 (11670); 603 (17); 975 (20)
II 367 (8930); 603 (14); 975 (20)
2 368 (5100); =~ 600 (~ 40)

aThe solubility of III in methanol is unfortunately limited to
approx. 1 x 107¢ M; the weak absorptions at approx. 600
and 975 nm could not be characterized accurately, therefore.

length suggests that in methanol most of the planar
four-coordinate complex III is converted into its octa-
hedral adduct, III-(MeOH),**. This would mean on
the other hand that the spectrum of I in acetone

**A spectrophotometric titration of the complex Ni(R-
sal) (R = —(CHj)4—Ph) with MeOH in acetone at 25 °C
yields an equilibrium constant g, = (6 + 3) X10™3 M2 for
the reaction Ni(R-sal); + 2MeOH = Ni(R-sal), (MeOH), [6].
This number would predict 80 -90% conversion of Ni(R-sal);
to Ni(R-sal); (MeOH), for pure methanol as solvent.
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(with its three absorptions at exactly the same wave-
lengths as complex I in methanol) reflects octa-
hedral coordination as produced by internal coordina-
tion of the hydroxyl groups being present in the
organic group R =—-CH(CH,—OH)-CH(OH)-Ph of
complex L.

The acetone spectrum of complex II finally lies
somewhat in between those of I and IH (see Fig. 1
and Table I), which could mean that octahedral coor-
dination in II according to (4) is weaker in this
case so that in acetone solution there is an equilibrium

(|)H OH

/ Ni j / Ni | “4)
HO/
fac mer

I(octahedral) = II(planar). The spectrum of I in
acetone is, hence, a superposition of the spectra of a
planar and octahedral complex.

The absorption spectra of complexes I-II in
methanol (see Table I) are very interesting in a two-
fold sense. Firstly, all three of them show one strong
absorption at 367-368 nm and two weak ones at
603 and 975 nm, respectively. This means that in
methanol all three complexes are coordinated in an
octahedral fashion. Secondly, the absorption coeffi-
cient € at Ay = 367 nm is highest for I and lowest
for M. This could indicate that octahedral coordina-
tion by methanol is facilitated and intensified by
hydrogen bonding between the coordinated methanol
and the hydroxyl groups present in the organic
groups attached to the nitrogen donor atoms of I and
II. Since I offers four hydroxyl groups, II only two
and III none, the intensity of absorption drops cor-
respondingly.

This interpretation of the spectra is supported by
the magnetic data which were obtained for the solid
complexes I-1II at 20 °C. I: tgygp = 3.2 BM; IL: pigyp =
3.3 BM; III: diamagnetic. In the solid state the
hydroxyl groups present in the organic groups
attached to the nitrogen atoms of I and II are
obviously coordinated to the nickel to produce octa-
hedral coordination in an either intramolecular or
intermolecular fashion. Complex III lacks these
hydroxyl groups and is, therefore, left with a planar
trans-N,0, coordination leading to diamagnetism.

Kinetic Studies

The study of reaction (1) at different excess con-
centrations of H,salen leads to absorbance/time data
which fit to one exponential function very satisfac-
torily. The values of the experimental rate constants
kops Tesulting from this fitting increase linearly with
[H,salen]. Figure 2 presents the data obtained for
complex I at 20 °C as an example. From the slope
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TABLE II. Rate Constants (k) and Activation Parameters for Reaction (1) in Acetone® and Constant Kp.o for Equilibrium (6)

Complex Temperature kKb AHY as* Ky o°
(K) M1l h (kJ mol™%) Jd K 'mol™)
I 293 0.00476 £ 0.00022 112+3.0 92 +11 11850
301 0.0148 £0.0010 5070
309 0.0748 £0.0033 2510
318 0.190 £0.012 1000
I 293 1.39£0.023 40.7£3.0 -103%10 39.6
301 1.88%0.11 39.0
309 3.08+0.22 38.0
318 5.50%0.29 334
m 293 564t1.6 35728 —-89%10
301 75.1 £1.0
309 120+6.0
318 18920

2 At [complex] =1 X 107% M.

(see equation (8)).

b Calculated by least-squares fitting of the function kobsg = k[Hzsalen] to the data obtained for
kobs at [Hzsalen] = 0.001, 0.004, 0.006, 0.008 and 0.01 M (see Fig. 2).

€QObtained from the relationship Ky, o = (k(1l1)/k) — 1

0.6 T T planar, four-coordinate complex present [1]. It is
reasonable, therefore, to attribute the reduced rate
o) of complexes I and II to the existence of equilibrium
o.al ] (6)
KoBsp’ st 0 N—OH o oH
N S Kp, o i
o I/N»\ Pr——— N— NN (6)
“r ] HO—N o YN
(o] planar octahedral
0 I L
0 0.004 0.008 It has been shown by relaxation techniques that

—— [HosaLenl i
Fig. 2. Plot of rate constant Kqg ¥s. concentration of the

incoming ligand Hjsalen for complex [II ([complex] =1 X
10™* M; solvent acetone; 20 °C.

of the straight line in Fig. 2 rate constant k is ob-
tained (see Table II).

The results prove that ligand substitution ac-
cording to eqn. (1) follows rate law (2). The rate of
substitution in complexes I, II, and III is very dif-
ferent, however, At 20 °C the relative rates are found
to be

K(IIT): k(I): k(I) = 11 850:40.6:1 )

To explain this enormous difference in rate one has
to consider the following findings: (i) the rate of
ligand substitution in the planar complex Ni(n-Pr-
sal); (n-Pr = n-propyl) is drastically reduced by the
addition of pyridine, i.e. by converting the planar
complex into an octahedral one [1], and (ii) the rate
of substitution in the system Ni(n-Pr-sal),/py/acetone
can be quantitatively correlated to the fraction of the

equilibration according to (6) is a very fast process
[7]. This would mean that (6) is a pre-equilibrium,
which does not control the rate. If only the planar,
four-coordinate species reacts with Hjsalen (present
in excess) in a second-order step (rate constant k),
eqn. (7) applies

rate = k(1 + Kp_ o) [Hzsalen] [complex] o @)

Since complex III is not subject to equilibrium (6)
one can set k(III)=k, and assume that the planar
forms of I and I react with rate constant k(1) = k.
This allows the calculation of the equilibrium
constant K, , on the basis of relationship (8) from

k=kp/(1 + Kp o) = k(IID)/(1 + Kp,o) ®)

the data for k(I) and k(1I) (see Table II).

The numbers obtained for K, , at 20 C are sur-
prisingly different, namely 11850 for I and 39.6 for
II. Since both I and II can provide hydroxyl groups
for intramolecular octahedral coordination, one could
argue that the second hydroxyl group present in I is
the better donor than the group —CH(CH;)—CH-
(OH)—Ph present in both I and . This argument is
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not very convincing, however, and a more reasonable
explanation results from the fact that in I the group
attached to the donor nitrogen in I offers two
hydroxyl groups and in the case of II only one.
Looking at molecular models of I and II one re-
cognizes that the exceptional kinetic inertness of I
could be due to an additional stabilization of octa-
hedral I by internal hydrogen bonding as shown
schematically in (9) (coordination by phenolic oxy-
gen omitted)

Ph
0/
|
N— hlli— NS 9
,0——2‘
H Ph
I II

One has to keep in mind, additionally, that the cal-
culation of K , from k according to eqn. (8) (with
kp =k(III)) is a rather formal procedure which
ascribes the reduced reactivity of I and II as com-
pared to IH exclusively to internal octahedral coor-
dination. Another factor that could make complexes
I and II less reactive is oligomerization in solution via
the hydroxyl groups.

The activation parameters obtained from the
temperature dependence of k reflect the following
trends (see Table II): (i) for the planar complex I
the smallest activation enthalpy AH¥ of 35.7 kJ
mol™! is found and a negative activation entropy of
—89 J K™! mol!, which is in line with a bimolecular
rate-controlling step, i.e. the nucleophilic attack of
H,salen on IH; (ii) complex I is highest in AH* (112
kJ mol™!) and positive in AS* (+92 J K™! mol™?),
whereas the corresponding data for HI are closer to
the data obtained for HI. Since the equilibrium
constant K , is calculated on the basis of the as-
sumption Ak(III)=k, according to egn. (8), the
values for the enthalpy and entropy of reaction (6)
for complexes I and II have to result from the dif-
ferences AH*(II1) — AH* and AS*(III)-AS¥, since
Ko, p>>1. One finds AH, o(I) = ~76.3 and AH, ,-
(I1) = -5 kJ mol™! and AS, ,(I) =—181 and ASy, ,-
(I1)=14 J K™! mol™". This means that the observed
increase in the activation enthalpy AH* for reaction
(1) upon going from complex HI to I is due to more
energy having to be provided to convert the octa-
hedral complex to the four-coordinate planar (or five-
coordinate) one.

The spectrum of II in acetone (see Fig. 1) was
taken at 20 °C. At this temperature the calculation
of K, , for II leads to 39.6 (see Table II) which
would mean that a fraction of approx. 97% of 1l
should be present with an octahedral coordination.
The spectrum of II indicates that this fraction is ob-
viously smaller. This again shows that the calculation
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of Ky, o according to eqn. (8) is a very formal proce-
dure which does not take into account additional
rateeffecting factors (such as steric hindrance, for
example).

The importance of internal octahedral coordina-
tion in complexes I and II as rate reducing factor in
ligand substitution according to (1) is also reflected
by the results of some preliminary studies on reaction
(1) as carried out in methanol instead of acetone,
The absorption spectra taken in methanol prove (see
Table I) that all three complexes form more or less
stable octahedral adducts with methanol. As a matter
of fact, the enormous difference in rate observed in
acetone (see sequence (5) for example) is greatly
reduced in methanol. At [complex] =1 X107% M and
[Hzsalen] = 1 X 1073 M the relative experimental rate
constants kqps for the solvent methanol are (20 C):
kobs(IH):kobs(H):kobs(I) =30:2.2:1.

This means that the rate reducing internal octa-
hedral coordination in I and II occurring in acetone is
replaced by adduct formation with methanol in this
latter solvent, the methanol adducts of I and I being
more stable (ie., less reactive) though than the one
formed by IH (an explanation for this different
stability is given in the discussion of the spectra; see
above). The interesting fact that at 20 °C ke (III in
MeOH) is by a factor of 5.6 greater than kg (111 in
acetone) is probably due to a larger rate contribution
of a solvent-initiated reaction channel kg in the more
polar and protic solvent methanol according to a two-
term rate law, rate = (k,+ k [Hpsalen])[complex].

Conclusions

The findings of the present contribution support
earlier results [1] in the general sense that the rate of
ligand substitution in complexes Ni(R-sal),, in which
the group R possesses donor capacity and which are
therefore subject to an intramolecular coordination
equilibrium planar = octahedral, can be interpreted
as being controlled by the fraction of the four-
coordinate planar complex (or five-coordinate com-
plex) present. The octahedral complex appears to
be kinetically inert. This behaviour is in line with the
operation of an A-mechanim, the four-coordinate
planar complex (or the five-coordinate complex)
being a much better acceptor for the entering nucleo-
phile than the octahedral complex.
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